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Conformational changes on substrate binding to methylmalonyl
CoA mutase and new insights into the free radical mechanism
Filippo Mancia† and Philip R Evans*
Background:  Methylmalonyl CoA mutase catalyses the interconversion of
succinyl CoA and methylmalonyl CoA via a free radical mechanism. The
enzyme belongs to a family of enzymes that catalyse intramolecular
rearrangement reactions in which a group and a hydrogen atom on adjacent
carbons are exchanged. These enzymes use the cofactor adenosylcobalamin
(coenzyme B12) which breaks to form an adenosyl radical, thus initiating the
reaction. Determination of the structure of substrate-free methylmalonyl CoA
mutase was initiated to provide further insight into the mechanism of radical
formation.
Results:  We report here two structures of methylmalonyl CoA mutase from
Propionibacterium shermanii. The first structure is of the enzyme in a
nonproductive complex with CoA at 2.5 Å resolution. This structure serves as
a model for the substrate-free conformation of the enzyme, as it is very similar
to the second much poorer 2.7 Å resolution structure derived from a truly
substrate-free crystal. The true substrate-free structure also shows the
adenosyl group bound to the cobalt atom. Comparison of this structure with
that of the previously reported complex of the enzyme with a substrate
analogue shows that major conformational changes occur upon substrate
binding. The substrate-binding site of the enzyme is located within a (βα)8
TIM-barrel domain. In the absence of substrate, this TIM-barrel domain is split
apart and the active site is accessible to solvent. When substrate binds, the
barrel closes up with the substrate along its axis and the active site becomes
completely buried. 
Conclusions:  The closure of the active-site cavity upon substrate binding
displaces the adenosyl group of the cofactor from the central cobalt atom into
the active-site cavity. This triggers the formation of the free radical that initiates
the rearrangement reaction. The TIM-barrel domain is substantially different from
all others yet reported: in its unliganded form it is broken open, exposing the
small hydrophilic sidechains which fill the centre. The typical barrel structure is
only formed when substrate is bound.
Introduction 
Methylmalonyl coenzyme A mutase is a member of a
small family of enzymes that use adenosylcobalamin to
create a substrate radical, which then undergoes a
rearrangement exchanging a hydrogen atom with a group
attached to a neighbouring carbon atom. The enzyme
catalyses the interconversion between linear succinyl CoA
and branched methylmalonyl CoA [1,2], and is the only
example of this family which is present in both mammals
and bacteria. In the Gram-positive bacterium Propionibac-
terium shermanii, methylmalonyl CoA mutase is involved in
the fermentation of pyruvate to propionate, whereas in
mammalian liver the enzyme is responsible for the conver-
sion of odd-chain fatty acids and branched-chain amino
acids via propionyl CoA to succinyl CoA for further degra-
dation. The bacterial enzyme is an αβ heterodimer of mol-
ecular weight 150 kDa (80 kDa for the α chain and 70 kDa
for the β chain) with one active site located in the α chain
[3,4]. In contrast, the mammalian enzyme is a homodimer
with two active sites and is highly homologous to the bac-
terial α chain (approximately 60% sequence identity) [5]. 
How does the enzyme catalyse the formation of the
adenosyl radical in the first step of the reaction? The
Co–C bond in the free coenzyme, though relatively weak,
must be weakened in the enzyme to achieve a reasonable
turnover rate. The mutase enzymes have been estimated
to speed up the rate of homolysis of this bond by a factor
of about 1012 [6–8], but only when the substrate is bound.
Possible mechanisms for this bond labilization on sub-
strate binding, presumably coupled to a conformational
change in the protein, can be divided into three classes.
The first possible mechanism proposes an upward distor-
tion of the corrin pushing the adenosyl group away: this
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does not seem to happen, however, as the cob(II)alamin
(which results from breaking the Co–C bond) shows a flat
corrin structure both when free [9] and when bound to
methylmalonyl CoA mutase [10]. The second possible
mechanism involves trans effects of the lower axial ligand,
such as moving it away from the cobalt: in favour of this
mechanism a long Co–N bond was found in the previous
structure determination of methylmalonyl CoA mutase
[10], and is discussed below. The final mechanism pro-
poses steric interference with the adenosyl group, displac-
ing it from the cobalt [9,11]: this seems likely to be an
important contributor to bond labilization, and is strongly
suggested by the structures described here.
We have previously determined the structure of P. sher-
manii methylmalonyl CoA mutase in complex with the
substrate analogue desulpho CoA [10]. The structure
showed that the active site in the active α chain is deeply
buried between a TIM-barrel domain, which binds the
substrate, and a C-terminal domain, which binds the
cobalamin (Figure 1a). The cobalamin is bound in an
unfolded conformation, with the dimethylbenzimidazole
base displaced from the cobalt and replaced by a histidine
sidechain. The fold of the C-terminal domain is very
similar to the B12-binding domain of methionine synthase
[12]. The substrate is bound through a narrow channel
along the centre of the TIM barrel. This channel forms a
tight fit around the substrate and seems too narrow to
allow access of the substrate to the active site; the active
site appears inaccessible except along this channel.
We describe here the structure of substrate-free (or ‘open’)
methylmalonyl CoA. The results were derived from two
crystal structures: one at 2.5 Å resolution from a nonproduc-
tive complex of the enzyme with CoA, and the other, a
much poorer quality structure, at 2.7 Å resolution derived
from a true substrate-free crystal. The second structure
serves to validate the nonproductive complex structure as
representing the initial substrate-free conformation.
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Figure 1
Schematic views of the methylmalonyl CoA mutase αβ dimer. (a) The
complex of the enzyme with the bound substrate analogue desulpho
CoA [10] (i.e., the closed substrate-bound conformation). The inactive
β chain is shown at the top in pale colours. The active α chain (bottom)
is coloured by structural domain: yellow, the (βα)8 TIM-barrel
substrate-binding domain; blue, the C-terminal B12 domain; red, the N-
terminal arm which wraps around the β chain; green, the linker region
divided into three parts. Cobalamin (B12) is coloured pink, the adenosyl
group blue, desulpho CoA dark green and the sidechain of TyrA89
pale blue. (b) The open substrate-free conformation; colour-coding is
as described in (a). (c) The active α chain, in the same view as (b), but
coloured by the rigid bodies: red, rigid body I (inner barrel and
β chain); yellow, the link between I and II; green, rigid body II (outer
barrel); cyan, the link between II and III; blue, rigid body III (the C-
terminal B12-binding domain). (The figures were drawn using the
program MOLSCRIPT [25].)
Results and discussion
Crystals and structure solution
In the presence of CoA, P. shermanii methylmalonyl CoA
mutase crystallises in at least two forms. One form is iso-
morphous with the desulpho CoA crystals [10] and shows
a similar structure (not discussed here). The other form
also belongs to spacegroup P21, with two molecules in the
asymmetric unit, but has different unit cell dimensions.
The structure was solved by molecular replacement using
the desulpho CoA complex structure as a model (see
Materials and methods section). The solution was clear
despite the substantial conformational changes in this
crystal form, and ΣA-weighted 2mFo–DFc maps after rigid-
body refinement of the major domains showed unambigu-
ous electron density for the altered regions of the
molecule (Figure 2a). The maps show electron density for
the ADP-phosphate part of CoA in roughly the same site
as in the desulpho CoA complex, but there is no inter-
pretable density representing an ordered pantotheine
chain. In addition, the part which is visible is not as tightly
bound nor making the same interactions as in the ‘sub-
strate-bound’ complex. In the absence of any substrate
analogue, the enzyme crystallises in a tetragonal form
which diffracts much less well than any of the substrate-
bound crystal forms. The 2.7 Å resolution data used to
solve the substrate-free structure had an overall B factor of
about 80 Å2, and thus this structure shows much less detail
in the electron-density maps despite the similar nominal
resolution. The overall structure, however, is clearly very
similar to that of the non-productive CoA complex: mol-
ecular replacement calculations with this model give a
much better fit than with the desulpho CoA substrate-
bound structure (correlation coefficient at 4 Å resolution
70% compared to 42%). Refinement from this point shows
no major changes although the quality of the maps is poor,
mainly because of the high temperature factor of the data.
The largest difference is that only the substrate-free
crystal shows convincing evidence for an adenosyl group
bound to the cobalt atom. As the two structures are so
similar, for the description of the structure of the ‘open’
conformation, we have used a model based on the more
accurate structure from the nonproductive CoA complex,
together with the adenosyl group from the true substrate-
free structure (Figures 1b and 1c).
The adenosyl group
The productive desulpho CoA complex showed no evi-
dence of any adenosyl group attached to the cobalt atom,
and spectra of crystals indicated that they contain largely
the reduced five-coordinate CoII form of the cobalamin
coenzyme. This also seems to be the case with crystals
grown with any substrate analogue (including the CoA
crystals which are isomorphous to the desulpho CoA
complex). In contrast, the spectrum of the substrate-free
crystals indicated that the cobalt is in the CoIII form which
is six-coordinate (see Figure 6 of [10]). The difference
electron-density maps (mFo–DFc) in the refinement of
the substrate-free form show a persistent positive feature
extending from the cobalt atom towards the sidechain of
TyrA89 (i.e. residue 89 of the α chain). This feature can
best be interpreted as the cobalt-linked adenosyl group of
the coenzyme (Figure 2b), with the adenine base stacked
at an angle against the tyrosine ring. TyrA89 is positioned
close to the substrate in the desulpho CoA complex, and is
clearly an important residue for catalysis: it is located next
to the binding site for the succinyl group of the substrate
[13] and mutation to phenylalanine greatly reduces activ-
ity [14]. TyrA89 is at the end of the first β strand of the
TIM barrel, in a region which moves a considerable dis-
tance in the conformational change which occurs upon
Research Article  Substrate-free methylmalonyl CoA mutase Mancia and Evans    713
Figure 2
Electron-density maps. (a) ΣA-weighted map
(2mFo–DFc) of the nonproductive CoA
complex using a model containing a closed
TIM-barrel domain (i.e., before rebuilding this
domain). The starting model from molecular
replacement was refined as two rigid bodies
per subunit, followed by preliminary restrained
atomic refinement (without manual rebuilding).
The Cα trace of the model used to phase this
map is shown by the solid line, the final refined
structure by the dashed line. The map clearly
shows the conformational change which
breaks open the TIM barrel. The centre of the
figure shows β strand 4 and its preceding
helix. (b) ΣA-weighted difference map
(mFo–DFc) for the substrate-free structure,
showing electron density for the adenosyl
group attached to the cobalt atom. The
adenine is stacked against TyrA89. (The figure
was drawn with BOBSCRIPT [26].)
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Figure 3
Stereo view comparisons of the open and
closed conformations of methylmalonyl CoA
mutase. (a) The active-site region. The
substrate-free structure (in red) was
superimposed onto the desulpho CoA bound
complex (blue) on the corrin ring. (b) The TIM
barrel β sheet, CoA and adenosylcobalamin.
The closed desulpho CoA complex structure
is shown in black and grey, the open
conformation is coloured according to rigid-
body assignment (I red, II green, III blue). 
(c) The binding of desulpho CoA to the
closed complex (blue) and CoA to the open
conformation (red), superimposed on rigid
body I. Desulpho CoA and CoA are drawn in
ball-and-stick representation. Some of the TIM
barrel β-sheet strands are shown.
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substrate binding. In fact, the loop following this first
strand, which comprises residues A90–94, and the α helix
that follows (residues A95–108) are relatively poorly
ordered in both structures of the open substrate-free con-
formation. The ribose ring of adenosylcobalamin is proba-
bly in a 3′-endo conformation, as in the free coenzyme, but
the adenosyl group is rotated by about 90° relative to the
corrin around the Co–C5′ bond, with the adenine ring
positioned over pyrrole ring B, rather than over ring C as
in free adenosylcobalamin. In the substrate-bound form
of the enzyme pyrrole ring B is noticeably flatter than in
any model compounds: in the open conformation, the
ring is somewhat more tilted. In the open conformation
the angle between the C7–C8 bond and the plane of the
pyrrole nitrogens is 21°, compared to 30° in the free co-
enzyme and 1–5° in structures of the substrate-bound
enzyme [10,13]. The conformational flexibility of this
pyrrole ring may be important, as it allows the acetamide
attached to C7 to take up somewhat different conforma-
tions. This sidechain is stacked against the adenine ring
in the substrate-free complex, and in the substrate-bound
complexes is hydrogen bonded to TyrA89. Apart from
ring B, the conformation of the rest of cobalamin is similar
to that in the desulpho CoA complex, and its relationship
to the C-terminal cobalamin-binding domain is essen-
tially identical (Figure 3a).
The conformational change
The most obvious change, comparing the ‘substrate-free’
conformation (from the nonproductive CoA complex) with
the ‘substrate-bound’ conformation (from the desulpho
CoA complex), is that the (βα)8 TIM-barrel domain
which encases the substrate is split apart in the
substrate-free conformation. Together with a relative
movement of the C-terminal domain which binds the
cobalamin, the effect is that in the substrate-free form
the active-site region is quite accessible to solvent and
there is room for the substrate to enter. In contrast, once
the substrate has bound the structure closes up around it
completely burying the active site (Figures 3b, 3c and 4).
The α chain moves as three major rigid bodies, plus
some small linker regions (shown by colours in
Figures 1c and 5a). The first rigid body (I) consists of the
N-terminal arm, the barrel strands 6, 7, 8 and 1 with their
associated helices (i.e., the inner half of the barrel), and
the first pair of helices of the linker (red in Figure 1c;
residues A2–A90, A241–A437 and A462–A474). This can
be considered as the rigid reference part of the structure
as it packs against the inactive β subunit which is hardly
altered in the conformational change, as might be
expected. The second rigid body (II) comprises the outer
half of the barrel (strands 2, 3, 4 and 5) with their associ-
ated helices, together with the four-helix bundle of link 2
(green in Figure 1c; residues A112–A240 and A485–A559).
The third rigid body (III) comprises the C-terminal B12-
binding domain, together with the second helix of link 1
(blue in Figure 1c; residues A438–A461 and A560–A728).
This leaves two connecting regions which do not move
as rigid bodies. The first of these comprises the the end
of strand 1 and the following helix (yellow in Figure 1c;
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Figure 4
Surface representations of the α chain. 
(a) Two views of the substrate-free open
conformation: the view on the left is along the
TIM barrel; the view on the right is a side view
of the barrel. The adenosylcobalamin molecule
(red with the adenosyl group coloured dark
blue) are visible and accessible to solvent. 
(b) Corresponding views of the closed
substrate-bound conformation. In this
conformation, except for access along the
substrate channel, the cobalamin and the
active site are buried. The substrate analogue
desulpho CoA has been omitted from the left-
hand figure in (b) so as to show the channel.
(The figures were drawn using the program
GRASP [27].)
residues A91–A111). These residues are poorly ordered in
the open form, but move a long way becoming better
ordered on substrate binding. The second short connec-
tion is also between rigid bodies I and II (cyan in
Figure 1c; residues A475–A484): this region is not partic-
ularly well-ordered in either structure, but shields the
cobalamin from the solvent.
In the previous domain assignment for the closed struc-
ture [10], residues A401–A481 and A482–A560 were classi-
fied as two ‘link’ domains between the two principal
domains. In the light of the open structure, the four-helix
bundle of link 2 can be seen to belong to rigid body II,
along with the outer half of the barrel. Similarly, link 1
may be subdivided into a helix belonging to the inner half
of the barrel (rigid body I), a helix belonging to the C-ter-
minal domain (rigid body III), a short loop belonging to
rigid body I and a surface loop which links to rigid body
III (compare Figures 1c and 1a). The linear arrangement
of the domains is shown in Figure 5a, which also shows
the mainchain hinge points. 
The eight β strands of the barrel move essentially as two
four-stranded β sheets about a hinge between strands 5
and 6. All the hydrogen bonds between strands 1 and 2,
and some of those between strands 5 and 6, are broken in
the open substrate-free form (Figure 5b). Relative to the
frame of rigid body I, rigid body II rotates by 18° and rigid
body III (the C-terminal B12-binding domain) rotates by
about 12° (Figure 6).
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Figure 5
Schematic representations of the structure.
(a) The conformational change along the
mainchain measured as the difference
between the Cα pseudo-torsion angles (the
torsion angle between Cα(i–1) and Cα(i)),
calculated with LSQMAN [28]. Also shown
are the secondary structure elements (the TIM
barrel β-sheet strands are numbered 1–8), the
domain assignments from Mancia et al. [10]
(see Figures 1a and 1b), and the rigid-body
assignments (I red, II green and III blue). 
(b) Hydrogen bonding chart for the β-sheet
strands of the (βα)8 TIM barrel. The strands
are numbered 1–8 (note that β strand 5 is
drawn twice). The hydrogen bonds which are
broken in the open conformation are shown
as red arrows, others are in green. Strands
belonging to the inner barrel rigid body I are
encircled. Residues with sidechains pointing
into the centre of the barrel are coloured: blue
for hydrophilic sidechains, pink for others
(glycine, alanine and phenylalanine). The
inside of the barrel is almost entirely
hydrophilic.
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The active site, substrate binding and initiation of the
reaction
Figure 3a shows a close-up of the active-site region, with
the open and closed structures superimposed on the cobal-
amin. When the substrate is present, the active-site cavity is
substantially smaller. In particular, the sidechain of TyrA89
is moved closer to the cobalamin and rotates, leaving no
room for the adenosyl group. Binding of the substrate thus
destroys the binding site for the adenosyl group, driving it
off the cobalt atom into the active-site cavity and forming
the free radical intermediate: the binding energy of the sub-
strate is used to drive the conformational change and initi-
ate the reaction. Closure of the active site around a sub-
strate is typical of many enzymes, but such an alteration of a
cofactor-binding site is perhaps more unusual. In this case,
it is important that the radical is not formed until the sub-
strate is bound, to avoid side reactions by reactive interme-
diates and hence inactivation of the enzyme.
The desulpho CoA complex showed a very long bond
between the cobalt atom and the nitrogen of the lower axial
histidine ligand. We proposed [10] that this would weaken
the cobalt–carbon bond on the other side, and contribute to
the catalysis of radical formation. The present substrate-
free structures are not sufficiently precise to determine the
cobalt–histidine bond length accurately, but there is no evi-
dence to show that it is any shorter than in the substrate-
bound complex. It seems likely then that the long bond is
formed when the adenosylcobalamin binds to the apoen-
zyme. This could start the weakening of the cobalt–carbon
bond, which is completed by the conformational change
on substrate binding. We may speculate about another
possible function of the long bond, in discriminating
against hydroxycobalamin, explaining the observation that
hydroxycobalamin binds only weakly to the enzyme. In
the purification process, the apoenzyme is reconstituted
with adenosylcobalamin: with hydroxycobalamin or cyano-
cobalamin the efficiency of reconstitution is greatly
decreased (FM and N Thomä, unpublished results).
Hydroxycobalamin may be formed as a dead-end side
product, but because of its weak binding it will be
released; the enzyme can then be reactivated by binding
fresh adenosylcobalamin, which binds very tightly.
The observed nonproductive CoA complex may represent
an initial ‘encounter complex’ with the unliganded open
conformation, before the substrate binds properly and
induces the conformational change. Figure 3c shows that
the mode of CoA binding is not very similar to that of
desulpho CoA binding in the closed conformation: only the
interaction between the adenine and TyrA75 is broadly
preserved, other specific interactions are missing and the
pantotheine chain can presumably only be stabilised when
the barrel closes around it. It is not at all clear why this con-
formation should be trapped in the crystal with CoA, but
not with desulpho CoA or other substrate analogues.
The use of a TIM-barrel domain to form a binding site
which can close down on the substrate is unprecedented. In
all other examples of this common fold, the central hole is
filled by large hydrophobic sidechains and the barrel is
essentially rigid. Why then is the unliganded barrel broken
open in this case? The only unusual feature compared to
other TIM-barrel domains is that nearly all the inter-
nal sidechains are small and hydrophilic (typically serine
residues; Figure 5b). This seems the simplest explanation
for the open barrel. When the substrate binds, these
sidechains form hydrogen bonds to the polar groups on the
pantotheine chain of CoA. It is also not clear why the break
occurs between strands 1 and 2 with a hinge between
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Figure 6
Stereo view Cα trace of the methylmalonyl
CoA mutase α chain. The closed
conformation (black; including bound
desulpho CoA) is superimposed onto the
open conformation (coloured by rigid bodies; I
red, II green, III blue and linker regions in
yellow and cyan). The adenosyl group linked
to the cobalt atom is coloured magenta and
the sidechain of TyrA89 is shown in red and
black ball-and-stick representation.
Structure
strands 5 and 6, although strand 5 does contain a β bulge
and the contact between strands 1 and 2 with their associ-
ated helices is perhaps a little weaker than between the
others. The inner part of the barrel (rigid body I) also packs
against the β subunit, which may help to keep it together.
The observed open conformation does seem to be a real
feature rather than a crystal artifact, as we see it in three dif-
ferent crystal environments in the two structures.
Biological implications
Free radical intermediates are used in some of the more
difficult chemical reactions in biology. One of the ways
of generating carbon-centered free radicals is the
homolytic cleavage of coenzyme B12 (adenosylcobal-
amin). This is a true organometallic compound, con-
taining a Co–C bond which breaks in the reaction to
form an adenosyl radical. Coenzyme B12 is the cofactor
for a small family of enzymes that catalyse an intramol-
ecular rearrangement in which a group on a carbon and
a hydrogen on an adjacent carbon exchange, using the
adenosyl radical to form the substrate radical first.
Most of these enzymes occur only in bacteria: methyl-
malonyl CoA mutase is the only one which also occurs
in mammals. It catalyses the interconversion between
succinyl CoA and methylmalonyl CoA; the enzyme is
required for the degradation of odd-chain fatty acids in
mammals, and for the conversion of pyruvate to propi-
onate in bacteria.
A major question regarding the function of this class of
enzymes is how the enzyme catalyses the cleavage of the
Co–C bond of the cofactor to generate the initial radical;
an enhancement of the rate of homolysis of this bond by
a factor of 1011–1012 has been estimated. The previously
reported structure of the methylmalonyl CoA mutase
from Propionibacterium shermanii as a complex with
coenzyme B12 and the partial substrate desulpho CoA
did not explain fully the labilization of the Co–C bond,
nor did it explain how the substrate could gain access to
a deeply buried active site through a narrow tunnel along
the centre of a (βα)8 TIM barrel.
We report here the crystal structure of a substrate-free
form of methylmalonyl CoA. The comparison of the
substrate-free structure with that of the substrate-bound
enzyme provides an explanation to some of these previ-
ously unanswered questions. Substantial conforma-
tional changes occur on substrate binding. In the sub-
strate-free form, the (βα)8 TIM-barrel domain (which
holds the substrate) is split open into two halves. As a
result the active site is accessible to solvent and there is
room for the substrate to enter. On binding of the sub-
strate the barrel closes around it. Closure of the barrel
together with a movement of the B12-binding domain of
the enzyme have the effect of burying the active site.
The active-site cavity is shrunk substantially by these
movements, and the binding site for the adenosyl group
of the cofactor is destroyed: this group is driven off the
cobalt atom into the active-site cavity by the binding of
substrate and the free radical is formed, thus initiating
the reaction. 
The TIM-barrel domain, comprising eight β sheet
strands forming a closed barrel, is one of the commonest
protein folds. This example of the fold is different from
all the others known so far, both in using a hole through
the centre to bind its substrate and in splitting open in the
absence of the ligand. The hole in the barrel provides a
large surface area of interaction with the substrate, pro-
viding sufficient energy to drive the conformational
change and the formation of the radical.
Materials and methods
Crystallisation and characterisation of crystals grown in the
presence of CoA
Recombinant P. shermanii methylmalonyl CoA mutase was prepared
from an overexpressing clone of Escherichia coli as described else-
where [15]. Crystals of the complex formed between methylmalonyl
CoA mutase, coenzyme B12 and CoA were grown by vapour diffusion
at 23°C, by equilibrating a 10 µl drop consisting of equal volumes of
the reservoir and protein solution. The protein solution comprised:
20 mg ml–1 protein, 1 mM coenzyme B12, 2 mM CoA, 1 mM dithiothre-
itol (DTT) in Tris-HCl buffer pH 7.5. The reservoir solution comprised:
17.5% (w/v) polyethylene glycol (PEG) 4000 and 20% glycerol (v/v) in
100 mM Tris-HCl buffer pH 7.5. Crystals grew within two or three days
and were of two distinct morphologies. Needle-like crystals were
essentially isomorphous to those of the structure of the enzyme in
complex with coenzyme B12 and desulpho CoA [10]. Cubic-shaped
crystals were monoclinic, in spacegroup P21, with cell parameters
a = 105.0 Å, b = 162.1 Å, c = 104.2 Å and β = 108.8°.
Data collection from crystals grown in the presence of CoA
A complete data set to 2.5 Å resolution was collected from a single
frozen cubic-shaped crystal on the X-ray diffraction beamline at Elettra
(Trieste, Italy) at a wavelength of 1.24 Å (10 keV). The crystal was sus-
pended directly from the hanging drop in a thin film of liquid on a rayon
loop [16] and frozen at 95K in the cold nitrogen gas stream with a 600
Series Cryostream Cooler (Oxford Cryosystems, Oxford, UK) [17].
Data were collected with an 180 mm diameter MAR research image
plate (Hamburg, Germany) and integrated with MOSFLM [18]. Scaling
and processing were performed using the CCP4 suite of programs
[19]. Data collection statistics are given in Table 1.
Structure determination and refinement using crystals grown
in the presence of CoA
The structure was solved by molecular replacement using as a search
model one αβ heterodimer plus cobalamin from the previously deter-
mined 2 Å resolution structure of the protein in complex with cobalamin
and desulpho CoA [10]. Calculations were carried out at a 4 Å resolu-
tion using the program AMoRe [20]. Two molecules were found in the
asymmetric unit. The molecular replacement solution after rigid-body
refinement at 4 Å resolution had an R factor of 46.9% and a correlation
coefficent of 42.1% against the observed data. The search model was
divided into domains and each domain was treated as a separate rigid-
body entity. Rigid-body refinement in TNT [21] was begun at a resolu-
tion of 10 Å and was progressively extended to 2.5 Å. 5% of the data
were omitted from all calculations to monitor Rfree. This process
resulted in an Rfree of 41.6% and an R factor of 36.6% at 2.5 Å resolu-
tion. The resulting ΣA-weighted 2mFo–DFc map showed unambiguously
the major conformational changes that occur in this structure (Figure 2a).
The model was rebuilt using the program O [22] and was then refined
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with REFMAC [23]. Noncrystallographic symmetry restraints were
applied to keep the two molecules in the asymmetric unit in a similar
conformation. The model has an R factor of 26% for 95% of the data
between 20 Å and 2.5 Å, including 636 water molecules, a total of
21,240 atoms. The Rfree for the remaining 5% of the data within this
resolution range is 32%. 
Crystallisation and characterisation of crystals grown in the
absence of substrate
Crystals of the protein in the absence of substrate grow in similar
conditions and with similar procedures to those grown in the pres-
ence of CoA, the only difference being that they grow by equilibration
against a lower concentration of PEG (14% compared to 17.5%).
The protein precipitates heavily in the crystallisation drop and crystals
start to appear from the precipitate after approximately ten days. The
crystals are tetragonal, in spacegroup P41212, with cell parameters
a = b = 110.9 Å , c = 257.7 Å.
Data collection and structure determination using crystals
grown in the absence of substrate
A complete data set from a single tetragonal crystal of methylmalonyl
CoA mutase grown in the absence of substrate was collected on BL19
at the European Synchrotron Radiation Facility (ESRF) (Grenoble,
France). The crystal was frozen in the gaseous nitrogen stream directly
from the crystallisation drop. Data were collected on a 300 mm diame-
ter MAR research image plate, at a wavelength of 1.00 Å in three
passes with different exposure times to extend the dynamic range. The
data were integrated and merged as described for the CoA-containing
crystal. Data from the three passes scaled together poorly. These crys-
tals diffract weakly, and have a high temperature factor. The structure
was solved by molecular replacement using the structure of the CoA-
containing crystals as a search model. Calculations were performed
with AMoRe [20]. One molecule was found to be present in the asym-
metric unit. Rigid-body refinement carried out at 4 Å resolution resulted
in an R factor of 32.9% and a correlation coefficent of 72%. The mol-
ecule was split into secondary structure elements for rigid-body refine-
ment with TNT, then refined further with REFMAC. 2mFo–DFc maps
during the refinement were of poor quality in many regions of the mol-
ecule, probably because of the high temperature factors. For this
reason, it is not possible to be definite about details of the structure,
except that there was no evidence that the structure differed signifi-
cantly from that of the non-productive CoA complex. The exception to
this is the density for the cobalt-linked adenosyl group discussed in the
text. The substrate-free structure has mean temperature factors for the
α and β chains of 72 Å2 and 74 Å2, respectively: these are significantly
higher than those for the closed desulpho CoA complex (38 Å2 and
47 Å2) and for the open CoA complex (46 Å2 and 61 Å2). The model
has an R factor of 31% for 95% of the data between 30–2.7 Å resolu-
tion, for a model with 10,285 atoms and no water molecules. The Rfree
for the remaining 5% of the data is 39%.
Accession numbers
The coordinates and structure factors for methylmalonyl CoA mutase
have been deposited in the Protein Data Bank, with accession codes
2REQ (CoA complex) and 3REQ (substrate-free).
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